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Abstract
Multi-keV x-ray generation from low-density (27±7 mg/cc) nano-fiber-cotton targets composed of

titanium-dioxide has been investigated. The cotton targets were heated volumetrically and supersonically to

a peak electron temperature of 2.3 keV, which is optimal to yield Ti K-shell x rays. Considerable enhance-

ment of conversion efficiency (3.7 ± 0.5%) from incident laser energy into Ti K-shell x rays (4-6 keV band)

was attained in comparison with that (1.4 ± 0.9%) for a planar Ti-foil target.

PACS numbers: 52.38.Ph, 52.50.Jm, 52.70.La
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Efficient multi-keV x-ray sources are useful for probing dense matter in the fields of high-

energy-density physics and inertial-confinement-fusion experiments [1]. High conversion effi-

ciency (CE), high photon energy, and uniformity of the x-ray sources are required in these appli-

cations. Multi-keV x rays are emitted from highly ionized high-Z ions [2–7] or from inner-shell-

ionized high-Z atoms ionized by fast electron impacts [8].

For highly ionized plasmas, multi-keV x-ray generation has been investigated with various

kinds of targets, including solids [2–4], gases in an enclosure [5, 6], and high-Z doped aerogels [7].

In the case of the solid targets, CE shows a strong logarithmic decrease with increasing photon

energy [9]. In addition, the one-dimensional radiation-hydrodynamic code (ILESTA-1D [10])

predicts that for solid targets the thickness of an optimal multi-keV x-ray generating region is

about 100 µm because of steep gradients of density and temperature. In the case of low-density

high-Z targets, laser energy is mostly absorbed by inverse bremsstrahlung; the targets are heated

supersonically and volumetrically without hydrodynamic expansion [11, 12] creating a large x-ray

emitting region. Thus the heating mechanisms of the target are one key to generating multi-keV x

rays efficiently [5, 7, 13, 14].

In this work, we use a low-density, high-Z doped target composed of titanium-dioxide (TiO2)

nano-fiber-cotton [15] to generate 4.7 keV x rays. The following will be discussed in this paper:

temporal evolution of electron temperature, supersonic heat-wave propagation into the target, and

absolute Ti K-shell x-ray yields from the targets.

The TiO2 nano-fiber-cotton targets are fabricated with the electrospinning method [15, 16].

This method enables us to fabricate low-density materials containing various high-Z atoms that

exist as a metal-oxide. The diameter of each fiber is less than 100 nm and its typical length is

several 10’s of µm. Mass density of the nano-fiber-cotton used in this study was 27±7 mg/cc.

Assuming full ionization of the target, electron density was equal of 0.8±0.2 times the critical

density for 0.351 µm laser light. A small block of the nano-fiber-cotton material was sliced into

targets of 0.8 mm thickness, 1.5 mm width, and 2.5 mm height, and attached to a 50-µm-thick

polystyrene film.

Experiments were performed on the GEKKO XII laser facility in the Institute of Laser Engi-

neering, Osaka University. Laser wavelength and pulse shape were, respectively, 0.351 µm and

1.0 ns full width at half maximum Gaussian. Eight beams of the GEKKO XII laser were bundled

into a cone with a half angle of 9.4 degrees and were focused at 100 µm in front of the target

surface. The laser intensity on the target surface was approximately 1×1015 W/cm2.
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Four kinds of x-ray diagnostics were used simultaneously to measure Ti K-shell emission from

the targets as shown in Fig. 1. A photometrically calibrated x-ray diode array (XRDs) was installed

on the laser-illumination side to measure CE into x rays in the range of 4-6 keV. Uncertainty of the

measured CE is ±15% for the unfolded results from the diodes. Time-resolved x-ray spectra from

4.8 to 5.7 keV were observed from the direction perpendicular to the incident laser axis by means

of a flat rubidium acid phthalate crystal spectrometer coupled to x-ray streak camera, the so-called

x-ray streaked spectrograph (XSS). Temporal resolution was 20 ps and spectral resolution E/∆E

(E : photon energy) was 200. To restrict the observation region and also to achieve high spectral

resolution, a 100-µm-width slit was set in the line-of-sight of the XSS and at 1.5 mm distance

from the target surface. The substrate of the slit was a 50-µm-thick tantalum foil. The observation

region was chosen to be 50-150 µm behind the target surface. A gated x-ray framing camera

(XFC) was installed to observe heat-wave propagation into the target perpendicular to the incident

laser axis. Spatial resolution of the XFC was 23 µm and exposure time was 80 ps. A K-edge

absorption filter of 5-µm-thick titanium foil was set in the XFC to detect photon energy from 4.7

keV to 4.9 keV. To observe trajectory of the heat-wave front, an x-ray streak camera (XSC) was

installed. The XSC was set at 25 degrees with respect to the XFC. A K-edge absorption filter of

10-µm-thick titanium foil was used. Temporal resolution of the XSC was 52 ps and the spatial

resolution was 23 µm.

Figure 2 shows a measured Ti K-shell x-ray spectrum (solid line) from the nano-fiber-cotton at

the time of the highest electron temperature. The Ti-Lyα , Heβ resonance, and lithium-like satellite

lines are identified. The Lyα line is partly overlapped with the dielectronic satellite transitions

(He-like satellites) due to the limited spectral resolution of the XSS.

An atomic kinetics model, the FLYCHK code [17], was used to derive electron temperatures

from the measured spectra. The line intensity ratio of the resonance transition (Lyα) to a dielectric

satellite transitions (He-like satellites) as well as the ratio of the Lyα line to Heβ line were adopted

for this analysis. The electron density was assumed to be 8.8 ×1021 cm−3. Spectra calculated by

the FLYCHK code were convolved with the instrumental spectral resolution of the XSS. The

synthetic spectra for electron temperatures of 1.8 keV, 2.3 keV, and 2.8 keV are also presented

in Fig. 2. These spectra are normalized by the Lyα line intensity. In the FLYCHK code, the

dielectronic satellite transitions that are the red wing of the Heβ are not included, which is why

they are absent in Fig. 2. Given that, the measured spectrum agrees quite well with the synthetic

spectrum for electron temperature of 2.3 keV. Spectra measured at other times during this shot
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indicate electron temperatures were in the range of 1.6 - 2.3 keV. The FLYCHK code also predicts

that a plasma with an electron temperature 2.0 - 2.5 keV, and at the critical density for 0.351 µm

laser light, optimally generates Ti K-shell x-ray radiation (4.0-6.0 keV). Electron temperatures

inferred from our experimental spectra are in this the optimal temperature range.

Figure 3 shows two-dimensional x-ray images at different times for the 20 µm-thick Ti-foil

(a)-(c) and for the TiO2 nano-fiber-cotton target (d)-(f). The time origin was defined as 10%

of x-ray emission peak obtained with the XSS. The x-ray generating region for the nano-fiber-

cotton target was considerably expanded into the target along the incident laser axis; the x-ray

emission region reaches approximately a millimeter in size. This result demonstrates that the

target was volumetrically heated like the cases of gas and aerogel targets [5–7]. In contrast, the

x-ray generating region is localized near the initial target surface for the 20-µm-thick Ti-foil. The

x-ray generating region expanded into the vacuum, with a size of only 150 µm.

Trajectories of the heat-wave front were derived from the streaked images. The heat-wave front

position at a particular time was defined as the 1/e rising edge in x-ray intensity moving along the

laser axial direction. The velocity of heat-wave propagation was measured to be 5×107 cm/s.

The sound speed was calculated adiabatically using a quotidian equation of state package [18].

The computed sound speed at the highest electron temperature of 2.3 keV is 3×107 cm/s. Con-

sequently, the propagation velocity of heat-wave front is almost twice as fast as the sound speed.

These results demonstrated that the TiO2 nano-fiber-cotton targets were supersonically heated.

The CEs were defined as the ratio between the total x-ray output in the 4-6 keV band, which

is measured by the XRDs, into 4π divided by the total incident laser energy. The CEs for the

nano-fiber-cotton targets were 3.7±0.5%. The CE for a planar 20-µm-thick Ti-foil with a single,

nanosecond laser pulse was 1.4±0.9%. The CE for the TiO2 nano-fiber-cotton is 2.6 times higher

than that for the Ti-foil. Accordingly, volumetric, supersonic heating of the targets results in the

enhancement of the multi-keV x-ray conversion efficiency.

In summary, multi-keV x-ray generation using the low-density TiO2 nano-fiber-cotton targets

has been experimentally investigated. The electron temperatures derived by the time-resolved x-

ray spectra were close to the optimal range for generating Ti-K shell x rays efficiently. Compared

with the Ti-foil targets, an enhancement of 2.6× in the CE of laser energy was attained. The en-

hancement of the CE is ascribed to supersonic, volumetric heating of the nano-fiber-cotton targets.

Therefore, this type of the target is suitable as an efficient multi-keV x-ray source. An interesting

task to generate more highly efficient sources would involve optimization of the target structures,
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composition, and density, and to clarify further the heating mechanisms of the cotton target by

comparisons with simulations by the two-dimensional radiation-hydrodynamic codes [19].
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FIGURE CAPTIONS

FIG.1. (Color online) Arrangement of the four x-ray diagnostics. The small block of nano-

fiber-cotton material (0.8 mm thickness, 1.5 mm width, and 2.5 mm height) was attached to a

50-µm-thick polystyrene film. A slit was fielded at 1.5 mm in distance from the target surface to

restrict the observation region.

FIG.2. (Color online) A Ti K-shell spectrum (solid line) measured by means of the x-ray streak

spectrograph for the nano-fiber-cotton target at the time of highest electron temperature. Spectra

calculated using the FLYCHK code were convoluted with the instrumental energy resolution. The

synthetic spectra are calculated for 1.8 keV (dotted line), 2.3 keV (dashed line), and 2.8 keV

(dash-dotted line) in electron temperature. An electron density of 8.8×1021 cm−3 is assumed.

These spectra are normalized by the Lyα line intensity.

FIG.3. Two-dimensional x-ray images at different times for the planar Ti-foil (a)-(c) and for

the titanium-dioxide nano-fiber-cotton target (d)-(f). The laser beams were incident from the left-

hand side. The time origin was defined as 10% of x-ray emission peak measured by the the x-ray

streak spectrograph. An intensity scale is mapped on the bottom.

7



FIG. 1: M. Tanabe et al., Appl. Phys. Lett.
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FIG. 2: M. Tanabe et al., Appl. Phys. Lett.
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FIG. 3: M. Tanabe et al., Appl. Phys. Lett.
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